Annexin VI (AnxVI), a member of a family of Ca 2+ -and lipid-binding proteins, can interact with membranes in a Ca 2+ -independent manner and behave as a membrane integral protein. The molecular mechanisms for such behavior of AnxVI remain, however, elusive. By determining the surface pressure of phospholipid monolayers in the presence of AnxVI in a Ca 2+ -free medium, it was observed that AnxVI can penetrate the hydrophobic region of the membrane at mildly acidic pH. A pH-dependent binding of the protein was also observed with asolectin liposomes and a pull-down assay (half maximal binding at pH 5.3). The Ca 2+ -independent, pHinduced binding of AnxVI to membranes was a prerequisite for the formation of ion channels by AnxVI, as characterized by the planar lipid bilayer method. Below pH 6.0 and in the nanomolar concentration range, AnxVI formed voltage-dependent ion channels with no specificity to the transported ions. These channels were inhibited by neither La 3+ nor Zn 2+ . The single channel conductance amounted to 24.3 pS under symmetric ionic conditions. Measurements of the enhancement of fluorescence of a hydrophobic probe, 2-(p-toluidino)naphthalene-6-sulfonic acid, in the presence of AnxVI as a function of pH revealed that AnxVI exposes hydrophobic surfaces below pH 6.0. This condition would allow penetration of the protein into the hydrophobic core of membrane. With the aid of circular dichroism and Fourier transform infrared spectroscopy, it was determined that the changes in hydrophobicity of AnxVI were accompanied by a decrease of α-helix content, the appearance of new β-sheet structures and an increase of a number of β-turn segments within the AnxVI molecule. Changes of secondary structure of AnxVI were corroborated by an increase in the accessibility of one of the AnxVI tryptophan residues to fluorescence quenchers at pH 4.6, compared with pH 7.4. Our observations provide further insight into some aspects of the molecular interactions between AnxVI and membrane lipid, permitting the suggestion that AnxVI may be involved in some pathological processes where acidification of the cytosol and/or disruption of intracellular ion homeostasis are detected.
We wanted to investigate the consequences of AnxVI pH-dependent binding to lipid membranes to understand some functional aspects of the protein in vivo, particularly under pathological conditions, connected with local fluctuations of pH. Additionally, we wanted to clarify the molecular background of a possible AnxVI transformation from a soluble to integral membrane protein. The most significant findings of our investigations are the following: i) The binding of AnxVI to membranes in a Ca 2+ -insensitive, pH-dependent manner constitutes an alternative to the Ca 2+ bridging mechanism of interaction of annexins with membranes. ii) At mildly acidic pH, AnxVI forms voltage-dependent ion channels in lipid planar bilayers, revealing no specificity for the transported ions; the single channel conductance amounted to 24 pS. iii) The molecular mechanism underlying this activity of AnxVI is based on changes of protein hydrophobicity and on conformational transitions, namely the appearance of new β-sheet structures. iv) These changes are a prerequisite for the penetration of AnxVI, a soluble protein at pH 7.4, into the hydrophobic region of the membrane at acidic pH, where it behaves like a membrane integral protein.
MATERIALS AND METHODS

Materials
The fraction of calcium-precipitable proteins enriched in annexins was isolated from porcine liver homogenate. AnxVI was further purified to homogeneity, as previously described (22) . Protein purity was verified by SDS-PAGE and silver staining, by using monoclonal antibodies A against human AnxVI (Signal Transduction Laboratories, Lexington, Ky.) and by direct sequencing of the proteolytic fragments of AnxVI electroblotted onto polyvinylidene difluoride (PVDF) membranes (8) . The protein was lyophilized and stored at -20°C until use. Asolectin (soybean phospholipids) was a product of Sigma (St. Louis, Mo.). Its chemical composition was assessed by two-dimensional thin layer chromatography and determination of inorganic phosphorus, as described in (23) . Identification of major lipid constituents was done by comparing their relative mobility with that of lipid standards, obtained from Avanti Polar (Alabaster, Ala.). 2-(p-Toluidino)naphthalene-6-sulfonic acid (TNS) was purchased from Sigma. All other chemicals were of the highest purity commercially available.
Binding of AnxVI to phospholipids in the form of liposomes (pull-down assay) and monolayers
Large unilammelar vesicles (LUVs) loaded with 0.25 M sucrose were prepared as described by Reeves and Dowben (24) . To determine the binding of AnxVI to LUVs, 20 µg of protein was incubated at room temperature for 1 h with 5 µg of LUVs, in a total volume of 40 µl. For us to maintain the proper pH, we conducted experiments in 10 mM citric buffer (in the pH range from 3.5 to 6.2) or Tris-HCl, pH 7.4. In addition, assay medium contained 1 mM EGTA, 50 mM NaCl, and 0.25 M sucrose. At the time indicated, LUVs were centrifuged at 12000 × g for 10 min. The 10-ml aliquots of the supernatant were collected in order to determinate protein concentration by using the Bradford method (25) or for SDS-PAGE (26) analysis. AnxVI (20 µg) incubated under the same conditions, but without LUVs, served as a control.
Changes in surface pressure (π) of lipid monolayers induced by AnxVI were measured by using a NIMA ST900 tensiometer (Nima Technology, Ltd., Coventry, U.K.) and the Wilhelmy plate (27) . Whatman Ch 1 paper strips of fixed area, and known wetness served as plates. Experimental data were continuously recorded, digitized, and stored by using computer software provided by the manufacturer. Phospholipids were prepared by dissolving 1 mg of asolectin in 1 ml of chloroform. The aqueous subphase (total volume of 9 ml) was composed of 10 mM TrisHCl, pH 7.4, or 10 mM citric buffer, pH 4.6, containing 0.1 mM EGTA and 50 mM NaCl. Lipids were applied with a Hamilton syringe to the surface of the aqueous subphase. The formation of monolayers was monitored by a decrease of surface tension (σ) upon addition of lipids. After an equilibration period (10 min) when the surface tension of the lipid-buffer interface reached a constant value of -18 ± 1 mN/m, AnxVI was injected into the subphase buffer at concentrations indicated in the legends to the figures. All determinations were performed at room temperature.
Single channel recordings
The single channel activity of AnxVI was measured by using the black lipid membrane method (28, 29) . The planar lipid bilayers were formed with a painted asolectin solution in decane (20 mg/ml) in a 250-µm-diameter hole drilled in the Derlin partition separating two Derlin chambers (Warner, Hamden, Conn.) cis and trans of 3-and 4-ml internal volumes, respectively. Before bilayer formation, the hole was covered with asolectin solution and dried under a N 2 stream. The assay medium contained 10 mM citrate buffer (in the pH range from 3.6 to 6.0) or 10 mM TrisHepes buffer (in the pH range from 6.0 to 7.4), 0.1 mM EGTA, and 50 mM or 200 mM CsCl, as indicated in the figure legends. Silver wires, covered with silver chloride connected with chambers through agar bridges, served as electrodes. The trans side of the bilayer was held as virtual ground. AnxVI was added to the cis chamber. Formation and thinning of the bilayer were monitored by capacitance measurements. The final capacitance values of the lipid bilayers ranged from 110 to 200 pF and their resistance from 1 to 5 GΩ. The current was measured by using a Bi-layer Membrane Admittance Meter (model ID 562, IDB, Gwynedd, U.K.). Signals were filtered at 0.2 kHz (low Pass Bessel Filter 4 Pole, Warner), digitized (A/D converter 1401, Cambridge Electronic Design, Cambridge, U.K.) and transferred to computer for off-line analysis by Patch and VClamp 6.40 software (Cambridge Electronic Design).
Selectivity of the AnxVI channels for cations was studied in the presence of a Cs + gradient across the planar bilayer. The cis chamber contained 50 mM CsCl; the trans chamber, 200 mM CsCl. The single-channel activity of AnxVI was recorded at different holding potentials (from -30 mV to +30 mV) to determine a current-voltage relationship. The experimental results were then analyzed by using the following rationale. If the reversal potential E Rev (a voltage value at which current reverses it sign) revealed a positive sign, the channel was considered to possess a selectivity for cations. The degree of the channel selectivity for cations or anions is expressed in terms of a permeability ratio (30) , according to Equation 1.
Circular dichroism spectra
Far-UV CD spectra of AnxVI were recorded in a AVIV CD spectrophotometer (AVIV Associates Inc., Lakewood, N.J.) between 190 and 260 nm at 25°C (8) . Determinations were performed in a quartz cuvette of 2-mm optical path length containing AnxVI (protein concentration 0.2 mg/ml) and 10 mM Tris-HCl, pH 7.4, or 5 mM citric buffer, pH 6.2 and 3.0, plus 0.1 mM EGTA in all buffers. To investigate the reversibility of the changes in protein secondary structure, we added small aliquots of 1 M NaOH solution to the citric buffer. The content of α-helix and β-sheet structures in the overall secondary structure of the proteins was determined by a self-consitent method (31) .
FTIR spectroscopy
Before determination of fourier transform infrared (FTIR) spectra of AnxVI, the protein was lyophilized. Excess salts were removed by washing with 2 H 2 O buffer (10 mM Tris-HCl, p 2 H 7.1, or p 2 H 4.7, and 100 mM NaCl, 0.1 mM EGTA) and using a centricon filter (Amicon, Beverly, Mass.). After four washing steps, AnxVI was dissolved in 2 H 2 O buffer of p 2 H 7.1 or 4.7 (adjusted with concentrated HCl) at the final protein concentration of 6-8 mg/ml. Infrared spectra of AnxVI were measured by the mean of a Nicolet 510M FTIR spectrometer equipped with a DTGS detector by using a temperature-controlled flow-through cell (model TFC-M25; Harrick Scientific Corp., Ossining, N.Y.). The cell path length was 50 µm, and windows were CaF 2 . Typically, infrared spectra were recorded at 25°C with 256 interferograms each and at 4 cm -1 resolution Fourier transformed. During data acquisition, the spectrometer was continuously purged with dry filtered air (Balston regenerating desiccant dryer, model 75-45 12 VDCT). The infrared spectra of three independent preparations were measured under the same conditions and co-added to obtain the final spectra.
Steady-state fluorescence specroscopy and light scattering
All spectroscopic determinations described in this paragraph were made with the use of a Fluorolog 3 Spectrometer (SPEX, Edison, N.J.) at 25°C. Tryptophan fluorescence emission spectra of AnxVI were recorded with 60 µg of total protein in a quartz cuvette of total volume of 3 ml and 10-mm optical path length. The assay medium contained 10 mM Tris-HCl, pH 7.4, or 10 mM citric buffer, pH 4.6, plus 0.1 mM EGTA, 50 mM NaCl in both buffers. The samples were excited at λ ex = 295 nm (slit 2 nm), and emission spectra (λ em ) were collected between 300 and 400 nm (slit 3 nm). Changes in protein structure were monitored by the quenching of Trp fluorescence by Cs + . The Stern-Volmer constants (K SV 's) of fluorescence emission at λ em of 340 nm for pH 4.6 and λ em of 336 for pH 7.4 were calculated by using the Stern-Volmer equation (32) over the range of CsCl concentrations from 0 to 180 mM. To keep the ionic strength of the assay medium constant, we adjusted the salt concentration to 180 mM with NaCl.
We measured light scattering of AnxVI in solution in the λ range of 360 to 400 nm, and we collected scattered light at 90° every 10 nm. A quartz cuvette (10-mm optical path length) contained 0.2 mg/ml of AnxVI either in citric buffer of pH 4.6 or Tris-HCl buffer of pH 7.4, and 0.1 mM EGTA.
We recorded the emission spectra of TNS in the presence of AnxVI (33) between 350 and 500 nm at 25°C in a quartz cuvette of 5-mm optical path length; λ ex was 345 nm. Maximum λ em for TNS amounted to 435 nm. Both excitation and emission slits were set at 0.5 nm. The TNS concentration was 30 µM, and AnxVI concentration was 1 µM. The following buffers were used: 10 mM citric buffer in the pH range from 3 to 6.2, 10 mM Hepes, pH 7.0, and 10 mM Tris-HCl in the pH range from 7.4 to 8.3. In addition, the assay media contained 50 mM NaCl and 0.1 mM EGTA.
Other methods
AnxVI absorbance spectra were recorded between 330 and 380 nm by using a UV-160A Shimadzu spectrophotometer (Kyoto, Japan). AnxVI (0.15 mg/ml) was dissolved in 2 ml of citric, Hepes, or Tris-HCl buffers in the pH range from 3.6 to 8.3, containing 50 mM NaCl and 0.1 mM EGTA. SDS-PAGE was done according to the method described in (26) on 16% separating gels with 6% stacking gels. Protein concentrations were determined by the method of Bradford (25), with bovine serum albumin as a standard.
RESULTS
pH-Induced interaction of annexin VI with membranes
AnxVI reveals a high affinity for phosphatidylserine (PtdSer) molecules in the presence of Ca 2+ (K 1/2 at 100 µM Ca 2+ ). The binding is reversible on chelation of cations (1, 2) . Such a property could be the basis of a molecular mechanism for Ca 2+ -dependent interactions of AnxVI with biological membranes. We found, however, that in particular cell types AnxVI binds to membranes in a Ca 2+ -independent manner (3, 4, 34) . In the course of our experiments, we observed that Ca 2+ -independent binding of AnxVI to asolectin LUVs is stimulated by acidic pH, as shown in Figure 1A . The half-maximal binding occurred at pH 5.3 and was optimal at pH below 4.0. The inset to Figure 1A shows the result of a typical experiment in which the disappearance of AnxVI monomers from the solution in the presence of asolectin LUVs is related to the acidification of the assay medium. No such pH dependence was observed in the absence of LUVs. The pH-dependent binding of AnxVI to membranes was also observed in the presence of PtdSer liposomes, indicating that the lipid composition of liposomes is not crucial for AnxVI-lipid interactions at low pH. The binding at pH < 5.0 is Ca 2+ -independent, and it is completely inhibited by increasing the pH above 7.0 in the absence of Ca 2+ . A reciprocal experiment; that is, AnxVI bound to LUVs at pH 3.0 and then the pH of assay medium raised to 7.4, revealed that AnxVI does not dissociate from the membrane even after 60 min incubation at room temperature (data not shown).
The results obtained with liposomes were confirmed with the use of a monolayer technique. Previously, it was reported that AnxVI interfered with the surface pressure of lipid monolayers enriched with PtdSer in the presence of Ca 2+ (35) . Depending on the initial π of the monolayer, PtdSer content, and Ca 2+ concentration, AnxVI interacted with monolayers at the surface of membrane (35) . The interaction revealed an electrostatic character abolished by a high ionic strength or by chelation of Ca 2+ (36) . In some cases, at physiological concentrations of Ca 2+ at pH 7.4 and moderate initial π of monolayers, AnxVI was observed to penetrate the hydrophobic region of the membrane to a limited extent (37) . At pH 4.6 and in the absence of Ca 2+ , AnxVI increased the ∆π of asolectin monolayers at moderate initial π (Fig. 1B) ; whereas at pH 7.4, no such effect was observed. An increased ∆π of asolectin monolayers occurred at nanomolar AnxVI concentrations (K 1/2 15 nM AnxVI, Fig. 1C ) and was not observed at the pH of the subphase buffer above 6.8. Such an observation can be interpreted as a substantial penetration of AnxVI molecules into asolectin monolayers. This raises the question, however, how can a watersoluble protein with large hydrophilic surfaces interact with hydrophobic core of the membrane?
Annexin VI hydrophobicity
Potential changes of AnxVI hydrophobicity induced by pH were measured with the use of TNS. TNS is a fluorescence probe that shows weak fluorescence in aqueous solution. In hydrophobic environments, its fluorescence intensity becomes several-fold enhanced. This property makes TNS useful in the investigation of structural changes related to the exposure or appearance of hydrophobic domains within protein molecule in solution (33) .
The fluorescence of TNS in the presence of AnxVI increased at lower pH (Fig. 1D) . At pH 4.6, it was approximately 20× higher than in the pH range from 7.0 to 8.3. We observed a dramatic when the pH dropped to values below 4.0. These results can be interpreted as an exposure of hydrophobic surfaces by AnxVI at pH below 6.0, which is consistent with the binding of AnxVI to asolectin liposomes at acidic pH. At neutral pH, only Ca 2+ slightly stimulated an increase of TNS fluorescence in the presence of AnxVI (33) . We interpreted this finding as a partial exposure of the hydrophobic domain of the protein, governed by Ca 2+ . In control experiments, we checked whether the fluorescence intensity of TNS might depend on its ionization state, as reported for many fluorescence derivatives in a wide pH range (38) . We recorded, however, no significant changes in fluorescence intensity of TNS in the absence of protein between pH 3 and 12 (data not shown), in agreement with a pK a for all sulfonic acid derivatives that equals to 2 or lower values. In addition, the enhancement of TNS fluorescence in the presence of AnxVI at acidic pH was accompanied byfluorescence energy transfer from the AnxVI Trp residues to TNS, as reflected by the appearance of a fluorescence maximum of TNS at λ em of 435 nm when the protein was excited at 295 nm (data not shown). These results suggested that changes in the Trp environment were induced by lower pH. This interpretation is further corroborated by a red shift of AnxVI intrinsic fluorescence maximum (by approximately 12 nm) with decreasing pH (result not shown). The observed changes may account for the ability of AnxVI to penetrate into membrane hydrophobic core.
Ion channels formed by annexin VI molecules
To monitor Ca 2+ -independent pH-sensitive interactions of AnxVI with membranes, we investigated the ability of AnxVI to form ion channels in planar lipid bilayers in a wide spectrum of buffered pH, ranging from 3.6 to 7.4. By testing various experimental conditions, even in the presence of Ca 2+ at concentrations promoting the binding of AnxVI to membranes, we could not detect any channel activity of AnxVI above pH 6.0. However, at pH 4.6, by supplementing the assay medium with 10 nM AnxVI in the cis chamber, we observed incorporation of AnxVI into the lipid bilayer within 3 min. at 25 o C. To achieve similar effects at pH 5.6, we increased the protein concentration in the cis chamber by sixfold. The channel activity of AnxVI was inhibited by raising the pH of the assay medium to pH 7.4. Figure 2A shows typical recordings of the channel activity of AnxVI after its incorporation into asolectin bilayers under different holding electrode potentials. The frequencies and durations of the events permitted the construction of the amplitude distribution histogram depicted in Figure  2B . From the analysis of these histograms, it appears that AnxVI is characterized by a single channel conductance oscillating between two states (open and closed), without any intermediate states. Values of the current amplitude can be plotted versus holding electrode potential, as shown in Fig 2C. The slope of the straight line that fits the experimental points corresponded to a single channel conductance, which amounted to 23.4 ± 0.3 pS under symmetric conditions (50 mM/50 mM CsCl). The reversal potential of the current was 0 mV, as expected.
Single channel records served to construct open and close time (τ) histograms (Fig. 2D) . Based on such an analysis, it was possible to calculate the mean open and close times for the AnxVI channels at different electrode potentials. At +30 mV potential, open τ amounted to 10 ± 0.1 ms;close τ, to 10 ± 0.1 ms, whereas at an electrode potential of -20 mV the respective values were 4.0 ± 0.1 and 4.7 ± 0.1 ms. Therefore, the differences of τ varied with applied voltage, which suggests the probability that channel opening is voltage-dependent.
The selectivity of the AnxVI channel for transported ions was analyzed by using a gradient of CsCl across lipid bilayers (cis/trans molar ratio was 1:4). Under these conditions, the reversal potential of the current was +10 mV (Fig. 2C) . Using equation No. 1 (see the Materials and Methods section), our calculation of the cation to anion permeability ratio amounted to 2, pointing to a very weak cation selectivity of the ion channels formed by AnxVI. Furthermore, Zn 2+ and La 3+ , reported to be calcium channel inhibitors (39, 40) , did not affect the AnxVI channel kinetics in the concentration range from 1 to 10 mM.
Secondary and tertiary structure of annexin VI at acidic pH
The exposure of hydrophobic domains within the AnxVI molecule could be related to either the rearrangement of secondary structure in AnxVI or to the protonation of side chain groups of the protein, which makes them more hydrophobic, according to predictions made by Abraham and Leo (41) . Therefore, we examined the secondary structure of AnxVI by using two methods: circular dichroism and infrared spectroscopy. As shown in Figure 3A , the CD spectrum of AnxVI at pH 7.4 is characteristic for a protein with prevailing α-helix content (80 ± 2%). This finding is consistent with determinations made by other investigators (42) and also with the crystal structure of AnxVI, which reveals that more than two-thirds of the protein molecule is folded into α-helices (43-45). Binding of two major ligands of AnxVI, Ca 2+ and lipid molecules evokes only minor conformational changes within the protein molecule. Whereas lowering the pH of the assay medium to 3.0 evoked large changes in the secondary structure of AnxVI, as seen from the protein spectrum depicted in Figure 3A . These structural alterations induced by lowering the pH from pH 7.4 to pH 3.0 resulted in a decrease of α-helix content, the appearance of new β-structures (23 ± 2%) and an increase in the number of β-turn segments within the AnxVI molecule, compared with pH 7.4. Similar changes were observed at pH 6.2 (although the increase of β-structures was smaller 8.4 ± 1.0%). The described structural changes in solution were almost fully reversible upon alkanilization of the assay medium (not shown). In addition, by using light scattering measurements at 90 o we found that, although low pH stimulates the formation of AnxVI oligomers, no aggregation is observed at pH 3.0 and at pH 6.2. Such aggregates could affect the CD spectra of AnxVI measured at acidic pH.
Infrared spectroscopy is unlimited by protein aggregation and can, therefore, determine secondary structure content even during aggregation. To probe the effects of pH on the secondary structure of AnxVI, we measured infrared spectra of the protein, in buffers prepared from 2 H 2 O, at p 2 H 7.1 (full line, Fig. 3B ) and at p 2 H 4.7 (dashed line, Fig. 3B ). The infrared spectrum in the amide-1 region of AnxVI under neutral conditions indicated a broad band centered at 1652 cm -1 . The shape of this band looks very similar to the one observed in the case of AnxV (46, 47) . The 1652-cm -1 band corresponds mostly to the carbonyl groups of the peptide backbone characteristic of α-helix structures (8, 46, 47) based on the usual assignment of infrared bands of proteins (48) . Other vibrational modes belonging to amino acid side-chain groups can also contribute in this region of the infrared spectrum (49) . The 1576-cm -1 is associated with the vibrational stretching of carboxylate of either Asp or Glu residues (49). Upon mild acidification of an annexin sample to p 2 H 4.7, a new component band appeared at around 1632 cm -1 , characteristic of β-sheet structures (48), confirming the observations made by CD spectroscopy.
Secondary structure changes of AnxVI induced by acidic pH may be accompanied with alterations in tertiary structure of the protein. To investigate this possibility we measured the fluorescence of AnxVI by taking advantage of the localization of two reported Trp residues, 193 and 343 (as in human, rat and mouse isoforms), located in various domains of AnxVI (for a review see 50). The first is positioned in repeat domain 3, which is one of the domains responsible for Ca 2+ binding and phospholipid specificity and accounts for the interaction of AnxVI with membranes in the presence of Ca 2+ . The second Trp residue is located in the linker region between two symmetric lobes of the protein molecule. Two quencher compounds, acrylamide and CsCl, permitted us to follow Trp exposure in AnxVI. The results obtained by using CsCl as a fluorescence quencher indicated that, indeed, two populations of Trp residues are present in AnxVI, which are reflected by various K SV values calculated on the basis of the SternVolmer equation in two ranges of CsCl concentrations (Fig. 3C, D) . The enhanced exposure of one of these Trp residues to the solvent is clearly seen from a high degree of quenching of its fluorescence emission by CsCl (in the concentration range from 5 to 180 mM) at pH 4.6, compared with pH 7.4 (Fig. 3D) . Qualitatively similar results were obtained with acrylamide (data not shown).
DISCUSSION
The existence of Ca 2+ -independent forms of AnxVI in the cell has been reported previously (3) (4) (5) (6) , which points to the idea that the mechanism of interaction of AnxVI with membranes is rather complex. In this work, we provide for the first time experimental evidence that Ca 2+ -independent mechanisms may involve local changes of intracellular pH that allow the binding of AnxVI to membranes at low Ca 2+ concentrations existing in nonstimulated cells. It was also reported that AnxVI molecules behave like membrane integral proteins; they resist chelators and can be extracted from the membranes only by detergents (3) (4) (5) (6) 34) . Such behavior may suggest that there is a mechanism allowing not only Ca 2+ -independent binding of AnxVI to membranes but also its penetration into the membrane hydrophobic core. Indeed, we found that AnxVI binds to artificial lipid membranes in a Ca 2+ -independent, low pH-stimulated manner and that it behaves as a membrane integral protein. Moreover, we have found, using a 45 
Ca
2+ binding assay to AnxVI immobilized on nitrocellulose, that AnxVI does not bind Ca 2+ at low pH (not shown). The binding of AnxVI to membranes is a prerequisite for the formation of ion channels by the annexin molecule at acidic pH.
As described by other investigators, AnxVI can form voltage-dependent Ca
2+
-specific channels in planar lipid bilayers of defined composition, membrane patches, and liposomes at neutral pH (43, (51) (52) (53) (54) . However, the molecular mechanism leading to the formation of these channels remains obscure. In fact, no satisfactory explanation has explained this property of AnxVI. Furthermore, many in vitro observations pointed instead to the surface character of the interaction of AnxVI with membranes: i) Concerning phospholipid specificity, annexins recognize the head portion of phospholipids rather than acyl chain length and conformation (55) . ii) Ca 2+ -dependent AnxVI binding to membranes at neutral pH is sensitive to ionic strength and calcium chelating agents (35, 36) . iii) AnxVI at neutral pH exposes large hydrophilic surfaces to the milieu with many charged residues facing outside (44) . iv) α-Helices within the AnxVI molecule are too short to allow complete protrusion of the protein within the membrane thickness (43) . v) AnxVI does not contain any sequences that are known to target proteins to intracellular membrane compartments. In addition, we did not measure any AnxVI ion channel activity at neutral pH-either in the presence or absence of Ca 2+ -despite the fact that AnxVI binds to membranes, especially to those enriched with acidic phospholipids.
In the course of the present study, we observed the formation of ion channels by AnxVI induced by low pH. These channels, although voltage-dependent with a similar single channel conductance as channels formed by other annexins at neutral pH, are not specific to transported ions and are neither inhibited by La 3+ nor Zn
. Furthermore, the formation of ion channels by AnxVI molecules is accompanied by the penetration of the protein into the hydrophobic core of the membrane bilayer, as evident from monolayer experiments and from profound changes in protein hydrophobicity at acidic pH. Such changes of protein hydrophobic surface as a function of pH have been observed for the unrelated Ca 2+ -binding protein, calbindin D 28k (56) and bacterial toxins (57) . AnxV and AnxXII (15) (16) (17) (18) (19) display the same pH-dependent hydrophobic surface changes and interact with acyl chains of phospholipid molecules. With respect to AnxXII, the existence of a pH-sensing molecular switch within the annexin molecule that accounts for the formation of AnxXII hexamers as a functional unit for channel activity has been proposed. These channels displayed a broad specificity to transported ions (20) .
During our investigations, we observed pH-induced effects on the secondary structure of AnxVI. It is well established that CD spectroscopy is useful to detect α-helix structures, whereas infrared spectroscopy can more easily monitor β-sheet structures. Therefore, both spectroscopic techniques can provide complementary information about secondary structure changes of proteins (58) (59) (60) . Infrared spectra clearly indicated an increase of β-sheet structure at the expense of other types of secondary structures upon mild acidification. The increase of β-sheet structures was unrelated to acid-induced protein denaturation because the characteristic denatured AnxV bands at 1617 cm -1 and at 1682 cm -1 (47) were not observed. Furthermore, the structural changes were reversible, as probed by CD spectroscopy, which confirms that AnxVI could shift between two conformational states. The main driving force for such structural alterations is probably related to the hydrophobicity changes induced by mild acidification. One likely mechanism is the neutralization of charges, which renders the surface of the protein more hydrophobic and leads to the movement of domains by forming new β-sheet structures, as confirmed by an increase in the number of β-turn segments and β-sheet structures within the AnxVI molecule. This structural change would minimize the exposure of the hydrophobic surface of AnxVI toward aqueous solutions. The proposed mechanism is also supported by the previous observations that β-sheet structures (characterized by two infrared component bands at 1633 and at 1672 cm -1 ) are formed during the interaction of negatively charged mixtures of DMPC/DMPS lipids and positively charged Ca 2+ -AnxV (46). Alternatively, protein-protein interactions may favor intermolecular β-sheet structures to minimize hydrophobic exposure to the solvent. At this stage, it is difficult to tell from infrared spectra whether the formation of β-sheet structure is of intermolecular or intramolecular nature. Nevertheless, one cannot completely rule out protein-protein interactions because light-scattering results indicated oligomerization of AnxVI. In addition, the nature and the mechanisms of interactions between annexin and lipids are still not very well established. Recently, it was reported that the highly flexible domain 3 of AnxV was not crucial for the interaction of protein with membrane (61), which suggests that movement of domains could not be involved during the interaction of AnxV and lipids. This point is of particular importance because it was observed that AnxV or AnxXII formed single channels in phospholipid bilayers at low pH but not at neutral pH (19) , indicating that the interaction between lipids and AnxV or AnxXII at acidic pH differs from the interaction observed at neutral pH. It is tempting to suggest that the movement of domains may occur at low pH but not at neutral pH, giving rise to two distinct conformers of AnxVI.
On the basis of AnxV results concerning the putative roles of Trp187 in interactions with lipids at the level of polar groups (62)-in membrane-binding affinity (63) and due to the strong homology of the four domains of AnxV and eight domains of AnxVI-it is expected that Trp residues in AnxVI could also contribute in the stabilization of membrane binding.
The current model of our understanding of the mechanism of the channel formation by AnxVI at acidic pH appears in Figure 4 . This model is based on the following presumption. At neutral pH, AnxVI is mostly α-helical, with little β-structure content (2%). Lower pH induces the appearance of new β-structures, which could allow the protein molecule to adopt a new shape and to protrude into a hydrophobic interior of membrane bilayer. These changes are accompanied by changes of protein hydrophobicity and exposure of the exterior hydrophobic surfaces toward the hydrophobic part of the membrane bilayer, accounting for the mostly hydrophobic character of interactions of AnxVI with membranes at acidic pH. The channel is voltage-gated, which suggests that, in addition to pH, changes in membrane potential regulate the channel activity of AnxVI. The participation of one of two Trp residues in channel formation is suggested, based on their increased exposure to the aqueous medium upon lowering pH.
It is a matter of further studies to establish whether such an activity of AnxVI reflects any possible in vivo function of this abundant cellular protein. In this respect, participation of AnxVI in the regulation and maintenance of Ca 2+ homeostasis in cardiomyocytes, as shown by transgenic animal models (13, 14) , is one likely possibility-especially under pathogenic conditions such as cardiac ischemia that is characterized by a drop in intracellular pH below 6.5 (64, 65) . Such behavior can also be related to the observation made by van der Goot and coworkers (66) that the pH value on the surface of membranes is lower than in the cytosol by 1.6 pH units. In the opinion of the cited authors, this observation may account for a low pH-induced protrusion of colicin A into the membrane; in the case of AnxVI this property may allow the existence of membrane forms of AnxVI and for ion channel activity of the protein induced by low pH. In summary, the results of our investigations can be helpful in a future elucidation of the physiological function of AnxVI. Work is in progress in our laboratory to identify pH-dependent physiological processes in which pH-induced ion channels of AnxVI are involved. phospholipid is not accompanied by a significant change in the annexin conformation. The binding is sensitive to ionic strength and calcium chelators and is undertaken at the surface of the membrane, without significant insertion of the annexin into membrane hydrophobic core. At mildly acidic pH, AnxVI undergoes profound conformational changeseven in the absence of phospholipids that lead to changes in protein hydrophobicity, its solubility, and its molecular shape. These changes are a prerequisite for binding of AnxVI into the membrane in a Ca 2+ -independent manner, insertion of the protein into membrane hydrophobic region and formation of ion channels. The ion transport through these channels is inhibited by raising the pH to 7.4, although AnxVI does not dissociate from the membrane. A pH-induced interaction of AnxVI with the membrane is insensitive to the specific phospholipids and probably leads to the appearance of a detergentsoluble fraction of AnxVI that behaves like a membrane integral protein.
